Performance Improvement of PS from Expanded Polystyrene Off-grade  by Direksilp, Chatrawee & Threepopnatkul, Poonsub
 Energy Procedia  56 ( 2014 )  135 – 141 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of COE of Sustainalble Energy System, Rajamangala University of Technology Thanyaburi (RMUTT)
doi: 10.1016/j.egypro.2014.07.141 
11th Eco-Energy and Materials Science and Engineering (11th EMSES) 
Performance Improvement of PS from Expanded Polystyrene  
Off-grade 
Chatrawee Direksilpa, Poonsub Threepopnatkula,0* 
aDepartment of Materials Science and Engineering, Faculty of Engineering and Industrial Technology, 
Silpakorn University, Nakhon Pathom 73000, Thailand 
Abstract 
EPS off-grade is commonly known as waste in the manufacturing process of Expanded Polystyrene (EPS). It is 
worthwhile to recover such waste by improving its properties. However, blowing agent used in the EPS would be a 
drawback in the recovering process. Our research implemented the improvement by the addition of impact modifier 
i.e. Styrene-Butadiene-Styrene (SBS) and Styrene-Ethylene-Butylene-Styrene (SEBS) at 20, 30 and 40%wt, 
respectively. This research investigated the morphology, mechanical behaviors and thermal stability of the blends 
compared with its virgin materials. The results showed that both impact modifiers could enhance the impact strength 
of PS. The addition of SEBS resulted in relatively better performances than the SBS counterparts for impact strength 
and tensile strength. In term of tensile modulus, PS blended with SBS at the content of more than 20% wt. would be 
higher than SEBS. From TGA data, both PS/SBS and PS/SEBS blends exhibited better thermal stability than PS 
itself. PS/SBS blend systems possessed higher thermal stability than the PS/SEBS blend systems. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Polystyrene (PS) had been in the public interest since the extensively useful in many applications for example 
thermal insulation and the uses in packaging materials [1]. One of the most common type of polystyrene is called 
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expanded polystyrene (EPS), which has two major production steps  [2]. Initially, suspension polymerization 
produced solid beads of PS. The beads are heated to about 100°C in steam to soften the polystyrene. The second 
process is expanded, the beads are cooled and pentane slowly migrates into the beads to replace the vacuum caused 
expansion [3]. Due to the manufacturing process depended on a number of variations to keep constant properties. As 
a result, there would be some certain amount of EPS do not reach the quality requirement which are so called EPS 
off-grade.   
To reduce the wastes, these EPS off-grade must be reconditioned by purging the blowing agent to obtain PS. As 
far as we are concerned, EPS off-grade had never been reused in such the ways conducted in this study. Properties 
enhancement of PS could be accomplished by simply adding the impact modifier such as styrene-butadiene-styrene 
(SBS) and styrene-ethylene/butylene-styrene (SEBS).  
PS by its nature has many key features such as very high transparency, high hardness, ease of processing. 
However, the disadvantages of PS are inherent brittleness and very low impact strength, which limits the range of 
usability of PS [4, 5]. Therefore, adding the value to PS from EPS off-grade by means of our study would not only 
producing better performance materials but also be environmentally sound by reducing the wastes tremendously.  
Thermoplastic elastomers (TPEs) are widely used as impact modifiers such as styrene-butadiene-styrene (SBS) 
[6], styrene-ethylene/butylene-styrene (SEBS) [7, 8], styrene-isoprene-styrene SIS) [7], methacrylated butadiene-
styrene (MBS) [9] and ethylene propylene diene rubber (EPDM) [10]. SEBS is saturated elastomer and it 
demonstrates excellent chemical and environmental stability. SBS possesses good insulation property, chemical 
resistance and its transparency in final product. These materials exhibit thermoplastic elastomeric behaviors which 
combine good processability of thermoplastics with rubber elasticity [11]. 
Recently, groups of researchers [6, 8] studied of PS blend with thermoplastic elastomer but PS was not from EPS 
off grade. Ibrahim B.A. et. al had studied PS/SBS blends and found that they were compatible and some mechanical 
properties were improved. Moreover, Peydro M.A. et.al [8] have studied thermal property of ABS-PS/SEBS blend 
and found that SEBS helped increase fluidity in ABS-PS blend system. As a result, it required lower processing 
conditions and thus save energy.  
This research aims to reduce the wastes of EPS off-grade by improving overall performances. SBS and SEBS 
would be utilized as impact modifiers. The effect of SBS and SEBS amounts on mechanical behavior, morphology 
and thermal stability would be investigated. 
2. Experimental methods 
2.1 Materials 
EPS off-grade beads were supported by IRPC Public Company. Toluene was purchased from RCI Labscan Co., 
Ltd.. SBS and SEBS were purchased by TOYOTA TSUSHO (Thailand) Co., Ltd.. Chemical structures and 
mechanical properties of SBS and SEBS were shown in Table 1 and 2.  
Table 1. Chemical structure of both impact modifiers 
Chemical structure Impact modifiers 
 
 
SBS 
 
 
 
SEBS 
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Table 2.Mechanical properties of SBS and SEBS 
Mechanical properties SBS SEBS 
Tensile strength (MPa) 32 >28 
300% Modulus (MPa) 2.8 - 
% Elongation at break 880 >800 
2.2 Sample preparation 
EPS beads were dissolved in toluene at room temperature. Then the solution was heated up to 60ƕC with constant 
stirring rate for 1 h. in order to remove blowing agent. Casting solution would be evaporated to be film. Then film 
was grinded into pieces for compounding with SBS and SEBS, respectively. 
Compounding was carried out by mixing PS and impact modifier at different ratios in high speed mixer then dried 
the compound in oven at 80ƕC for 3 h. The compound would be melt-blended by twin screw extruder (Thermo 
Haake, Rheomex PTW 16/25D) with the temperature of 160-230 ƕC from feed to die zone. The samples were 
molded for tested specimen by injection molding machine (Battenfeld, BA 250) with the temperature of 175- 200 ƕC 
from feed to die zone. 
2.3 Characterization 
2.3.1 Mechanical behaviors 
The impact tests were performed by Izod testing method according to ASTM D-256 on the notched samples. The 
work of the pendulum was 4.0 J and the amount of energy required to break the sample were recorded. 
The tensile tests according to ATSM D-638 were performed on a universal tensile testing machine (Instron 5969) 
at 50 kN load with 50 mm/min elongation rate. 
2.3.2 Morphological Properties 
The samples were first immersed in liquid nitrogen (-180ƕC) to freeze and were bashed into pieces. The pieces 
selected were gold sputtered. The cryofractured surfaces of the blends were examined using scanning electron 
microscopy (SEM LEO 1455 VP and HITACHI, S-3400N Type II) with a magnification of 1000x. 
2.3.3 Thermal stability 
Thermogravimetric analysis (TGA) was performed by Perkin Elmer TGA7 with temperature scan mode at heating 
rate 10ƕC/min and temperature range was 50 - 500ƕC in nitrogen atmosphere. 
3. Results and discussion 
3.1 Mechanical behaviors 
The impact strength of PS showed the lowest value among any others as shown in Fig. 1. Moreover, the impact 
strength of PS/SEBS blends were higher than the one of PS/SBS blends. This could be explained by their structures 
and the compositions. For SEBS, linear structure with saturated elastomeric midblocks resulted in high flexibility of 
the molecules [11]. In term of SBS, double bond in main chain and side chain (Table 1) caused molecular restraint 
and thereby lower flexibility occured. The impact strength values were directly proportional to the content of impact 
modifier. The higher the contents, the higher the impact strength they would be, for example, PS/SBS (60/40) had 
impact strength value higher than PS/SBS (70/30).   
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Fig. 1. Impact strength of PS, PS/SBS and PS/SEBS 
The stress strain curves of PS off-grade and impact modified PS off-grade were graphically plotted to demonstrate 
Young’s modulus, tensile strength, and percentage elongation at break as shown in Fig. 2. The impact modified PS 
off-grade had influential effect on the behaviors of such modified polymer as from brittle to ductile. 
 
Fig. 2. Stress-Strain curve of PS, PS/SBS and PS/SEBS 
Tensile strength and tensile modulus of PS, PS/SBS and PS/SEBS were compared as shown in Fig. 3(a) and 3(b). 
It was found that PS showed the highest tensile strength and tensile modulus, it was 41.88 MPa and 923.74 MPa, 
respectively. The addition of soft particles such as rubber or elastomer into brittle matrix led to stiffness decrement 
and consequently led to decrease in tensile strength and tensile modulus [12].Tensile strength and tensile modulus 
were found to be adversely proportional to elastomer content. 
Comparing the tensile strength between PS/SBS and PS/SEBS blends, it was found that PS/SEBS showed higher 
tensile strength at the same impact modifier content. The linear long chain structure of SEBS provided flexibility 
polymeric chain as shown in Table 1. The flexible structure could absorb more energy while testing and resulted in 
higher tensile strength. 
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Fig. 3. (a)Tensile strength at break and (b) Tensile modulus of PS, PS/SBS and PS/SEBS 
Not only the chain structure of elastomer is relavant but also the amount of elastomer added to the blend would be 
truly regarded. For the study of tensile modulus between PS/SBS and PS/SEBS blends, it was found that at 20%wt., 
PS/SEBS showed higher modulus than PS/SBS due to its flexible structure. With the amount added up to 40%wt in 
our study, SEBS started to accumulate and become larger phase than SBS as seen in Fig. 4d-g and 4f-h. Therefore, 
PS/SBS showed higher modulus than PS/SEBS because ofaccumulation of SEBS.  
The morphologies of the cross-section area after cryofracture process of PS, PS/SBS and PS/SEBS blends were 
investigated by SEM. The image as shown in Fig. 4a could be a good evident of showing no bubble or void in the 
PS off-grade matrix. In other word, this could prove of no residual blowing agent in PS off-grade after the purging 
process. Furthermore, it was found that both SBS and SEBS were well dispersed in PS matrix at 20% wt (Fig. 4b-c). 
However, at the content more than 20%wt of elastomeric phase, the agglomeration of such phase would be 
noticeable, especially in SEBS 40% (Fig. 4h). 
 
Fig.4.SEM images of (a) PS, PS/SBS with SBS content (b) 20%, (d) 30% (g) 40% wt 
and PS/SEBS with SEBS content (c) 20%, (f) 30% and (h) 40%wt. 
a b 
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Furthermore, Fig. 5 showed percent elongation at break of PS/SBS and PS/SEBS. It was found that PS/SBS at 
30% and 40%wt. has lower elongation at break, because SBS had less accumulation (Fig. 4d, 4g) and obstructed 
chain mobility which led to lower elongation than PS/SEBS. However, at 20%wt. PS/SBS showed higher elongation 
because of the effect of the chain structure. 
 
Fig. 5. Elongation at break of PS, PS/SBS and PS/SEBS 
3.2 Thermal stability  
The TGA curve and thermal degradation temperature of PS and their blends were shown in Fig. 6. Table 3 
showed that decomposition temperature of neat SBS is 455°C whereas their blends with PS showed decomposition 
temperature at 435 – 452°C. Neat SEBS showed two stages of degradation temperature at 418 and 465 °C whereas 
their blends with PS exhibited degradation temperature at 423 – 437°C. Therefore, the higher thermal degradation 
temperature was the consequence from the addition of impact modifiers for every blend system as compared to the 
degradation temperature of PS. In conclusion, PS/SBS blend systems possessed better thermal stability than 
PS/SEBS counterparts due to higher thermal degradation temperature. 
 
Fig. 6. TGA thermograms of (a) PS, PS/SBS with SBS content (b) 20%, (c) 30% and (d) 40%, 
PS/SEBS with SEBS content (e) 20%, (f) 30% and (g) 40%, (h) neat SBS and (i) neat SEBS. 
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Table 3. Thermal properties of  neat PS, PS/SBS, and PS/SEBS 
 
Samples 
Onset 
degradation 
temperature 
(ƕC) 
Decomposition 
temperature (ƕC) 
PS 317.78 357.95 
SBS 429.10 455.23 
SEBS 364.12, 464.60 418.00, 465.05 
PS/SBS (80/20) 404.65 435.01 
PS/SBS (70/30) 411.51 442.39 
PS/SBS (60/40) 418.33 451.52 
PS/SEBS (80/20) 406.41 422.86 
PS/SEBS (70/30) 408.36 426.55 
PS/SEBS (60/40) 420.71 436.76 
4. Conclusions 
EPS off-grade resin was utilized by removing its blowing agent to obtain PS for other applications. Then the PS 
was reprocessed with SBS and SEBS, the impact modifiers to enhance mechanical behaviors and thermal stability. 
The addition of SEBS resulted in relatively better performances than the SBS counterparts for impact strength and 
tensile strength. In term of tensile modulus, PS blended with SBS at the content of more than 20% wt. would be 
higher than SEBS. From TGA data, PS/SBS blend systems possessed higher thermal stability than the PS/SEBS 
blend systems. 
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